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Photon: colorless

> Controls
W, Z: colorless

probe IN
(known from

Induced
PP, pA+ pQCD) q: fast color triplet > glllu;fe

radiation?

g: fast color octet

Q: slow color triplet

: slow color
singlet/octet

Dissociation?

Probing non-perturbative QCD physics with perturbative objects

Diagnosing QCD medium: (simplified idea)
pass a QCD-sensitive probe through it, then look for any modifications due to the medium.
Jets as tools to study QGP.




Volume 123B, number 1,2 PHYSICS LETTERS 24 March 1983

!
OBSERVATION OF JETS IN HIGH TRANSVERSE ENERGY EVENTS 25 years head start !

AT THE CERN PROTON ANTIPROTON COLLIDER

UA1 Collaboration, CERN, Geneva, Switzerland ,
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cone
colorless states
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Any analysis that require, quark, gluon, i.e., parton or their absence in an event.

Many powerful set of discriminative jet tools are available!
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The whole event is color
connected and at higher
orders radiation can even be
emitted!

A lot of complications!

— Underlying event

— Pileup

— Initial + final state radiation

Graphics Courtesy to Gavin Salam

Hadronic jets carry information about partons
but forget about correcting to the parton level!

Jet Measurements: Measurements of jet-like hadron production
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Charged Particles

*Z (0-100%) |yl < 2

W (0-100%) p"' >25GeVic, 'l <21
Isolated photon (0-10%) |n] < 1.44
Charged particles (0-5%) |n| <1

*B > Jy (0-100%) ly| <24

Colorless probes are not modified
Ncon scaling works

4

EPJC 72 (2012) 1945

PLB 715 (2012) 66l
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Charged Particles Anti-k; R=0.3 Jets
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Ry, similar to hadron R,, at high p; BRI C [ RL]s.€s
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Angular and Momentum Structures

At small angles: Most of the p; and
4/ carried with high p; constituents

Jet
T
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o
N

16 < prartticIe < 32 GeV

At large angles: Small fraction of p-
- and carried with softer constituents
(100 GeV Pythia jets)
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CMS, {s),, =276 T

fr T
anti-k; jets: R =

p'™ = 100 GeV
- T :
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PLB 730 (2014) 243

Jet Shapes: Structure of reconstructed
jets modified towards an excess of

particles far from th

e jet axis

?CMS"'”
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track

Pt

10
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Fragmentation Functions: Structure of
reconstructed jets is modified towards an
excess of particles at low p;.
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Dijet and Y-jet imbalance:
1. Jets are undeflected i.e., angular correlation is conserved.
2. Unambiguous evidence of energy loss of fast partons

3. Large imbalance of di-jet energies existing at all jet pr.
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Missing p;: Energy is carried away by low p; particles far
away from the jet axis. Average missing pt ~10 GeV/c.

In-cone (A R<0.8)

Out-of-cone (AR>0.8)
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Tracks in

the jet cone

AR<0.8
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Tracks out of
the jet cone
AR>0.8
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Anti-k; (PFlow), R = 0

P> 120 GeV/c
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The choice of AE can emulate the RAA suppression.
Same shape of spectra: No R dependence: Same RAA for the same AE
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" Vs =276 TeV

Inl<2, 0-10%

D=0 =

Yang-Ting Chien, Ivan Vitev

arXiv:1509.07257 ] ' | Pablos, Casalderrey-Solano et. al.
| ‘1(‘)0 s ‘2(‘)0 B 25‘0‘ w0 3;0 (Work in progress) ! A |
40 60 80 100

p T PT (GCV)

Radiated gluons don’t interact Radiated gluons continue to interact
Intuitive ordering of R dependence! non-intuitive ordering of R dependence

Need precision jet measurements!




ATLAS ——0-10% (x 10%)

anti-k, R = 0.4 jets, |5, =2.76 TeV _g— 10.
2011 Pb+Pb data, 0.14 nb™’ ——20-

2013 pp data, 4.0 pb”! —+-30-
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Phys. Rev. Lett. 114 (2015) 072302
Beautiful jet spectra with large kinematic reach.
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Phys.Lett. B719 (2013) 220-241
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Intuitive ordering of R dependence!
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Extremely Hard Measurements
—> |arge uncertainties

Phys. Rev. Lett. 114 (2015) 072302
Beautiful spectra with large kinematic reach.
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L p=1GevicR<03 Wl o 12 , , ,
CHRTE 3 il All corrections including
> 1 98 .
<1 z 1?%.&“? ------- fake jets treatment
Q ~ | " .
5 S 1 T (pyconstituent>5-8 GeV/c)
g o M o done with Pythia
2 : - an |
1071 ' %3 0. ALICE pp 15=2.76TeV fragmentation!
1 _
08 h Antisky B=02 |1 | <05
a 0-6_E|] - Data
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0% }/fff“
0.2 o 0- | ‘
0.4 1 10 TS 7,
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[

Are we throwing away the physics that we
are interested in with these selections?




== 2010stat. ® sys. error, L =7 ub’

\\\\\\\\

ly|<2.1

ATLAS |

I I I I I I |
anti-k, A= 0.4 Hl jets
S =2.76TeV

I All corrections are done with Pythia

J Unfolding corrections are not easy:
| Modeling of response matrix,

| choice of method, kinetic cut offs,

| statistics in samples ....

200

p, [GeV

fragmentation!

Phys. Rev. Lett. 114 (2015) 072302

Phys.Lett. B719 (2013) 220-241
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== 2010stat. ® sys. error, L =7 ub’

T S 2011 stat. ® sys. error, L =140 ub”

ATLAS |

I All corrections are done with Pythia
fragmentation!

| Unfolding corrections are not easy!
Modeling of response matrix,

1 precision jet measurements! CMS?

choice of method, kinetic cut offs,
statistics in samples ....

| Disagreement? with 2010 vs 2011

§ data in the same experiment!

| We are still learning to make

Phys. Rev. Lett. 114 (2015) 072302
Phys.Lett. B719 (2013) 220-241
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We can construct jet-based observables in heavy-ion collisions.

Quantitative comparison of data and theory started!

Observables related to jet structure seem to show sensitivity.




/+]et event

- - CMS Experiment at LHC, CERN
( ,\\S Data recorded: Mon Nov 23 05:49:48 2015 CET
/ Run/Event: 262327 / 198878237

: ¥ o ¥ Lumi section: 151
,’— J Orbit/Crossing: 39467001 / 1957

CMS Integrated Luminosity, pp, 2015, Vs = 5 TeV
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28 pb-1 of data recorded in 5 days!

Essential for HI program at LHC!
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Inclusive jet, charged and b-jet
CMS HIN 14-001, arXiv:1601. 02001

pPb
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Charged particle R ;,: Show a curious rise!
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Jets: Consistent with no effect when the reference is extrapolated or pythial
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Head-on collision The first dijet event

The first Upsilon Candidate

CMS,/

A

CMS Integrated Luminosity, PbPb, 2015, Vs = 5.02 TeV/nucleon

Data included from 2015-11-25 09:59 to 2015-12-13 12:09 UTC
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B LHC : 0.60 nb !
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w

First PbPb data taking in Run 2 is completed with'success.

Improvement on jet statistics by ~ order of magnitude.
Sevil Salur
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To what extent can the identities of underlying partons be deduced
from properties of the jets they produce?
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1. Multiplicity: Total, Charged, Neutral =
Particle-Flow in CMS
2. Width Variables

obtained by diagonalizing

P2 < (Ad:)?  (Ag;Am;)
T\ (AnAg)  (An)?

3. Energy Sharing Variables: Pull, R, p;D
Compared to gluon jets,

. 2 -
quark jets in vacuum have: m o ZipT,i |ri| 7 7 = (An;, Agy)
1. Fewer constituents o S pA

1 T e

2. Narrower shape T p2
. \/ 2« P1,i
3. Harder fragmentation function R max(pr.) ppD = Y
i T,

and less symmetric energy sharing 2 PT.i

among constituents p;D=1 single jet constituent
p;D=0 == number of jet constituents.

http://cds.cern.ch/record/1599732/files/JIME-13-002-pas.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJIME13002

Sevil Salur




CMS Preliminary, L = 18.3 fb'at (s=8TeV
L B LN e B o i o e o B
C 80<pT<100 GeV  Z+Jets -

s T ; Likelihood based discriminator obtained by combining 3 variables:
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Quark Jet Efficiency
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Inl <2,40< P, < 50 GeV
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CMS Preliminary, L =18.3 fb" at {s =8 TeV
LB B S s B B B T

I ciuon £ Good background rejection and signal efficiency

S A Stability vs pile-up is under investigation
’ Is not directly applicable to AA but combine it with other taggers.

http://cds.cern.ch/record/1599732/files/JIME-13-002-pas.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJIME13002
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Bottom tagged jets are selected on displaced vertices.

But charm jets also have small displacement
—> Additional discriminative variables:

Feed into template shapes
charm jet contribution extracted

20.9 nb™" (5.02 TeV)

CMS Preliminary s prodars

h]lab|<2.0 B c
¢ tagged sample (SSVHP>1.68) [l udsg

55 < P, < 80 GeV/c

Number of jets

2 3 4 5 6
Corrected secondary vertex mass (GeV/c?) Sevil Salur




150 ub™ (PbPb 2.76 TeV), 35 nb™' (pPb, 5.02 TeV)
II‘IIII‘IIII‘IIII‘IIII‘III

CMS Simulation VS = 5.02 TeV 2.5 dM
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—
1 IIIIIIII LI
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o

4= Tagger Working Point

1073

a S
1 ||||||_|J

- |- 2+ track vertex tagger

Nuclear Modification Factor

1074

3+ track vertex tagger

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
107° b b b s b o % 50 100 150 200 250 300
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 p. [GeVic]

¢ Tagging Efficiency

Reduction in the mistag rate Done with pp at 2.76 TeV and Pbp at 5 TeV
by a factor of 3 with HP SSV b/c look alike
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1 T I T T T I T T T T T

1.2 T I I I I | I I I I 1 1/2
i . 112_ i - p+p collisions, LHCs = =2.76 TeV -
Central Pb+Pb collisions, LHC s "=2.76 TeV IyI <05 b-jet anti-kT R=03
1 — 0.8 .
— usual b-jet
i IS effects, radiative E-loss and l - R — - b-jet with b-quark leading T
0.8 collisional parton shower energy dissipation — 2 0.6 N gluon
—_— = Oor ~ - —_
-_.g - gmed =2 - 8 I S o - ~
vﬁ 061 3 el eemmmmTT
> =~ - - —
m - [ 0.4 B R -~
04 -
- — b-jet,R=0.2 I 02
02F - light jet, R =0.2 7 i
0 ] ol L1
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Huang, Kang, Vitev Pt [GeV] p; [GeV]

At high pt region, mass Rauon:fraction of g->b

effect can be neglected Rb :fraction of b->b
:fraction of g->b

other

With high statistics Run 2: Explore multi tags such as c/b jet with D/B and v.
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the systematic removal of a subset of the jet constituents
—2remove soft and wide-angle radiation from the jet

LA | L

ATLAS Simulation
Pythia Z' > tt. t = Wb

W — qq

'

e

1 e
boosted X __ ' single
—— ) fat jet
7\ ~

Ll sl ' L
00 100 200 300 400 500 600 700 800
p¥ [GeV]
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Events / ( 1.0 GeV/c?)
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New results coming soon -
Stay Tuned !
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Run 1: (2010-2014)
Jet Tomography has been explored with multiple jet observables.

Run 2 (and beyond): (2015-2018)

Initial pp reference at 5 TeV is already collected.

» Detailed studies of jets for initial state effects with proper pp
reference will be soon available for inclusive jets, y+jet, c/b+jet but also
for Z+Jet, additional tags with B/D ...

Improvement in jet statistics in PbPb.

» Explore underlying partons properties with reconstructed jets.

» Event plane dependent Jet Tomography with: Jet shapes, FF, sub-
structure for a complete characterization of final state

Need continuous interaction of experiment & theory!
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l l I

ed Hadrc

----- ?hofon'”’ Every layer serves a purpose in particle

gl <y
Hadron Superconducting

identification and measurement.

% neutral

CMS Particle Flow Algorithm e

ECAL >

Clusters

Tracks and calorimeter clusters
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A jet reconstruction algorithm is a set of mathematical rules that reconstruct
unambiguously the properties of a jet.

1. Calorimeter Jet (calojet): from energy depositions grouped in HCAL & ECAL
2. Particle Flow Jets (PFJ): Reconstructed

A
I ” \ neutral
\ hadron

particles utilizing all sub-detectors “a la Generator Leve

Underlying event subtraction
— Iterative PileUp subtraction
— HF/Vornoi and others

M. Cacciari, G. P. Salam, and G. Soyez, JHEP 04 (2008) 063
O. Kodolova, I. Vardanian, A. Nikitenko et al., Eur. Phys. J. C50 (2007) 117
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Missing p;: Energy is carried away by low p;
particles far away from the jet axis.

In-cone (A R<0.8) Out-of-cone (AR>0.8)

© In-Cone Out-of-Cone
CMS 0-30%

Pb+Pb \s,=2.76 TeV
J-L dt=6.7ub"

AR<0.8

20
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>
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e
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pTTrack ]

Tracks in Tracks out of

the jet cone the jet cone
AR<0.8 / ., AR>0.8 PRC 84 024906 (2011)

Sevil Salur




> (GeVic)

T

P

leading-subleading jet momentum difference
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 PbPb 150pbt
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As in pp, difference spread over large radial distance

Unlike in pp, difference is found in low p; particles

Sevil Salur




A, Inclusive
pp 5.3 pb™' (2.76 TeV)

Leading Jet Shape
PbPb 166 ub™ (2.76 TeV)

anti-k; R=0.3, In I<16
120<p <300 p >50 GeVlc, A¢ >5n/6

pp Refrence
i CMS Preliminary

PbPb Cent. 50-100%

PbPb Cent. 0-30%
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Integrated Correlations function
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— Jet shapes up to large radial distances

Preserved normalization of previous measurement:

set to integrate to unity for p;>0.5 GeV/c in Ar<0.3
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Excess yield drops with py,
Larger effects for subleading jets and in central events
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